1. Introduction {#sec1}
===============

Layered perovskite-like oxides are mixed oxide ceramics formed by perovskite slabs interleaved with cations and structural units. Perovskites are widely studied as perspective materials for a wide range of applications because of their physical and chemical properties such as superconductivity,^[@ref1],[@ref2]^ colossal magnetoresistance,^[@ref3]^ and catalytic and photocatalytic activity.^[@ref4]−[@ref7]^ Among them, bismuth-containing structures draw special attention. They are considered as a lead-free ferroelectric^[@ref8]−[@ref10]^ and multiferroic materials.^[@ref11]^ They may perform as effective photoanode materials for photoelectrochemical water splitting,^[@ref12]^ and Bi^3+/^Mn^4+^ codoping has been recently applied as an effective approach for the preparation of red-emitting phosphors for white light-emitting diodes.^[@ref13],[@ref14]^

One of the unique features of layered compounds is the possibility of the introduction of molecules into the interlayer space.^[@ref15]^ In the case of inorganic layered compounds, the most interesting process is the intercalation of organic molecules into the inorganic matrix, resulting in new organic--inorganic hybrid materials.^[@ref16]−[@ref20]^ Such compounds combine physicochemical properties that are a superposition of the original inorganic compound and the introduced organic matter. According to the type of chemical bond between inorganic and organic parts, there are two main ways of formation hybrids with layered compounds: intercalation and grafting.^[@ref21]^ Intercalation is a reversible noncovalent introduction of organic molecules into the interlayer space proceeding usually by the acid--base or ion-exchange mechanism.^[@ref15],[@ref22],[@ref23]^ Covalent inorganic--organic hybrids may be produced by grafting reactions---intercalation of appropriate organic substances accompanied by the formation of covalent bonds.^[@ref24]−[@ref26]^ Recently, a large number of works have been devoted to the study of metal halide inorganic--organic layered perovskite hybrids exhibiting interesting optoelectrical properties,^[@ref27],[@ref28]^ while much less attention has been paid to hybrids based on layered perovskite-like oxides.

Ion-exchangeable layered perovskite-like oxides are solid crystalline substances with a block-type structure in which perovskite slabs with a thickness of *n*-octahedra BO~6~ (B = Ti, Nb, Ta, etc.) alternate with the so-called interlayer spaces containing alkali cations.^[@ref29]^ Such compounds have the ability to replace the interlayer cations of alkali metals by ion exchange with other cations, in particular, cations of other metals, complex cationic units, or protons, to obtain the so-called protonated forms. One of the significant features of protonated forms of perovskite-like oxides is their acidic properties, which allows the intercalation of organic bases into their interlayer space forming organic--inorganic hybrids. Such compounds can be interesting both on their own because of their physicochemical properties, such as photocatalytic activity,^[@ref30]−[@ref32]^ and can be the basis for the creation of new materials by liquid-phase exfoliation.^[@ref7],[@ref33],[@ref34]^

Among ion-exchangeable layered perovskites, the most widely studied compounds amenable to intercalation of organic molecules are protonated derivatives of Dion--Jacobson (DJ), Ruddlesden--Popper (RP), and Aurivillius phases.^[@ref35]^ The most thoroughly studied among others in terms of intercalation and grafting of organic molecules are HLaNb~2~O~7~,^[@ref18],[@ref20],[@ref36]−[@ref39]^ HCa~2~Nb~3~O~10~,^[@ref24],[@ref40]^ H~2~CaTa~2~O~7~,^[@ref39],[@ref41]^ and H~2~La~2~Ti~3~O~10~^[@ref42]^ compounds. Although the number of obtained protonated forms of layered perovskite-like oxides is limited, new such compounds are synthesized regularly.

Recently, Liu et al.^[@ref43]^ have synthesized a new *n* = 4 layered RP phase K~2.5~Bi~2.5~Ti~4~O~13~ (KBT~4~) with mixed K/Bi co-occupancy on the perovskite A site showing stoichiometric hydration and amenable to form the protonated compound H~2~K~0.5~Bi~2.5~Ti~4~O~13~·*y*H~2~O^[@ref44],[@ref45]^ by substitution of K^+^ by H^+^. The H~2~K~0.5~Bi~2.5~Ti~4~O~13~·H~2~O (HKBT~4~·H~2~O) structure can be described as an alternation of perovskite slabs (K~0.5~Bi~2.5~Ti~4~O~13~) with interlayer protons and water molecules ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).

![Schematic representation of HKBT~4~·H~2~O structure (a) and intercalation process (b). The *d*-value represents the basal spacing (interlayer distance along the *c*-axis).](ao0c00424_0001){#fig1}

This work presents a complex study on the behavior of protonated and hydrated forms of H~2~K~0.5~Bi~2.5~Ti~4~O~13~·*y*H~2~O obtained from K~2.5~Bi~2.5~Ti~4~O~13~ toward the intercalation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) of *n*-alkylamines with different numbers of carbon atoms (*n*~c~) in alkyl chain, namely, methylamine, ethylamine, *n*-propylamine, *n*-butylamine, *n*-hexylamine, and *n*-octylamine, and the characterization of obtained hybrids in terms of their composition, structure, and thermal stability.

The previously studied hosts belonging to the RP phases (e.g., H~2~La~2~Ti~3~O~10~,^[@ref42]^ H~2~CaTa~2~O~7~,^[@ref41]^ and HLnTiO~4~^[@ref46]^) and DJ phases (HCa~2~Nb~3~O~10~^[@ref40]^ and HLaNb~2~O~7~^[@ref39]^) are known to intercalate *n*-amines in solvothermal or microwave-assisted solvothermal conditions. In this work, various approaches have been considered in order to determine the optimal experimental conditions of amine intercalation into the interlayer space of H~2~K~0.5~Bi~2.5~Ti~4~O~13~·*y*H~2~O.

There are two main factors that are reported to strongly affect the intercalation reactivity of protonated forms obtained from layered perovskites. The first one is the Brønsted acidity of interlayer protons, which is associated with the interlayer charge densities and depends on the nature of B-site and A-site cations. In addition, the second one is the sterical accessibility of the interlayer space,^[@ref47]^ which could be theoretically "tailored" by the preparation of various hydrated forms. As is already known, some phases show poor or no reactivity in intercalation reactions compared to other ones,^[@ref39],[@ref48],[@ref49]^ which is assumed to be the result of their irreversible dehydration. Considering the possibility of a strong influence of the interlayer water on the occurrence of amine intercalation reactions, both the as-prepared hydrated phase (H~2~K~0.5~Bi~2.5~Ti~4~O~13~·H~2~O) and partly and fully dehydrated phases H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.5H~2~O and H~2~K~0.5~Bi~2.5~Ti~4~O~13~ have been used for the experiments.

2. Results and Discussion {#sec2}
=========================

2.1. Synthesis {#sec2.1}
--------------

### 2.1.1. Protonation {#sec2.1.1}

The protonated hydrated compound H~2~K~0.5~Bi~2.5~Ti~4~O~13~·H~2~O (HKBT~4~·H~2~O) was successfully prepared from K~2.5~Bi~2.5~Ti~4~O~13.~ The amount of intercalated water and the substitution degree of the as-prepared protonated form calculated from thermogravimetry (TG) data, energy-dispersive X-ray, and inductively coupled plasma (ICP) elemental analyses confirm the complete substitution of interlayer K^+^ by H^+^, and the amount of intercalated water was found to be ∼1 H~2~O molecule per formula unit. Partially (HKBT~4~·0.5H~2~O) and fully (HKBT~4~) dehydrated forms were prepared by subsequent heating of HKBT~4~·H~2~O. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows X-ray diffraction (XRD) data for the as-prepared HKBT~4~·H~2~O sample and dehydrated samples obtained by heat treatment at 90 °C for HKBT~4~·0.5H~2~O and 160 °C for HKBT~4~. Their XRD patterns and lattice parameters are in accordance with previously reported data.^[@ref45]^

![XRD patterns of hydrated and dehydrated forms of HKBT~4~ and obtained *n*-alkylamine intercalated compounds HKBT~4~×RNH~2~ together with calculated interlayer distances.](ao0c00424_0002){#fig2}

### 2.1.2. Intercalation of Amines {#sec2.1.2}

A series of experiments of amine intercalation with varying conditions have been first carried out for three amines (methylamine, *n*-butylamine, and *n*-octylamine) ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Then, the optimal conditions with respect to the phase purity of the obtained samples, amine loading, and reaction time have been chosen and applied for the remaining three amines (ethylamine, *n*-propylamine, and *n*-hexylamine).

In the case of methylamine, the phase pure samples could be obtained in all tested conditions; however, intercalation does not lead to any significant changes in the interlayer space. TG measurements have been employed in order to estimate the amount of intercalated organic molecules in different conditions. It was found that methylamine is intercalated into HKBT~4~·H~2~O at 25 °C after 24 h of stirring, but the highest mass loss is achieved after 14 days of stirring. Similar mass losses could be reached, though, using heating at 60 °C for 24 h in order to optimize the reaction time, so the sample obtained in these conditions was used for further characterization.

In the case of *n*-butylamine, the intercalation leads to a significant change in the XRD pattern of the sample corresponding to the interlayer distance change. Reactions with concentrated *n*-butylamine (90--100%) may cause the formation of a side product surely resulted by dehydration of the initial form, while using 10 and 50% water solutions both leads to the formation of single-phase products. However, using 10% concentrated *n*-butylamine requires longer reaction time compared to 50% solutions. Unlike methylamine, the maximum amount of *n*-butylamine is readily intercalated into HKBT~4~·H~2~O by facile stirring at 25 °C in the shortest reaction time tested (24 h) using 50% water solution. The sample obtained at these reaction conditions has been used for further characterization.

In the case of *n*-octylamine, no water was added into suspension because of its low solubility in water. The attempts of direct intercalation of pure *n*-octylamine into hydrated HKBT~4~·H~2~O at room temperature have led to its dehydration. Considering the experiments with intercalation of *n*-butylamine into dehydrated forms (described later), it was assumed that once dehydrated in the presence of *n*-octylamine, HKBT~4~·H~2~O would not be able to intercalate it. The experiments with the *n*-octylamine solution in heptane showed that the single-phase sample could be obtained after 24 h of treatment at 80 °C. Additionally, longer reaction time (1 week) leads to the formation of the same phase with similar amine loading.

2.2. Characterization {#sec2.2}
---------------------

The detailed characterization of organic--inorganic hybrids was carried out for six samples obtained by optimized methods. Namely, methylamine, ethylamine, and *n*-propylamine derivatives were obtained at 60 °C within 24 h. The *n*-butylamine derivative was prepared by facile suspending and stirring the as-prepared hydrated HKBT~4~·H~2~O powder in 50% water solution of *n*-butylamine at 25 °C for 24 h. Finally, hybrids with *n*-hexylamine and *n*-octylamine were prepared by 24 h treatment with 50% solution in *n*-heptane at 80 °C.

### 2.2.1. Powder XRD Analysis {#sec2.2.1}

As displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the XRD patterns show that because of the small molecular size, the intercalation of methylamine does not strongly affect the lattice parameters of the compound in respect to HKBT~4~·H~2~O, and the slight changes obtained in the XRD patterns could be associated with the intercalation of methylamine or possible formation of different hydrated HKBT~4~ compounds, so such changes cannot prove intercalation of methylamine without other characterization methods. However, in the case of *n*~c~ = 2--8 amines, the XRD patterns clearly indicate major structural changes that could be associated with the intercalation of big molecules into interlayer space.

Despite the fact that the obtained organic--inorganic samples show low crystallinity, the obtained *n*-alkylamine intercalated compounds could be indexed based on the index of the starting HKBT~4~·H~2~O compound, which can be well indexed in the primitive tetragonal cell with lattice parameters *a*, *b* = 3.85 Å and *c* = 18.14 Å (although a slightly better XRD pattern fit can be obtained using an orthorhombic *C*222 group or a *P*4 space group with a doubled *c* lattice parameter^[@ref45]^). After the reaction of HKBT~4~·H~2~O with *n*-alkylamines, the (00*l*) reflection shifts to a lower 2-theta value, indicating the increase in interlayer distance and shows a gradual increase as larger amines are intercalated; the calculated interlayer distances are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Widening and low intensities of observed reflections are typical for such intercalated compounds and could be explained by the weakening of bonding between layers resulting in possible turbostratic stacking and interlayer distance deviations.^[@ref15],[@ref22]^ However, the preservation of sharp, intense reflections with indexes 010, 110, and 020 for the starting protonated form (without the contribution of *c* in *hkl*) indicates no significant structural changes in the perovskite slabs.

### 2.2.2. IR and Raman Spectroscopy {#sec2.2.2}

The Fourier transform infrared (FT-IR) and Raman spectra of the protonated hydrated form and organic--inorganic hybrids are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The appearance of characteristic bands at 1400--1600 and 2800--3000 cm^--1^ corresponding to NH~3~^+^ and C--H vibrations confirms the formation of organic--inorganic hybrids in all of the cases (including methylamine). In particular, the bands at the range 2800--3000 cm^--1^ are attributed to CH~2~ symmetric stretching ν~s~ (−CH~2~−), and the lower intensity bands at 1400--1550 cm^--1^ correspond to CH~2~ asymmetric bending δ~as~ (−CH~2~−) and NH~3~^+^ asymmetric bending δ~as~ (−NH~3~^+^).^[@ref50]^ The presence of NH~3~^+^ bands (and also the absence of characteristic to NH~2~ group ν~s~ and ν~as~ bands in the region 3500--3300 cm^--1^) implies the acid--base mechanism of amine intercalation into this protonated form, leading to the formation of cationic forms of amines in the interlayer space. In the IR spectra of HKBT~4~×RNH~2~ derivatives, where R = Bu, Hx, and Oc, two major bands in the C--H stretching region were clearly exhibited, namely, the ν~as~ (−CH~2~−) (∼2918 cm^--1^) and the ν~s~ (−CH~2~−) (∼2854 cm^--1^) of CH~2~ groups and also ν~as~ (−CH~3~) (∼2956 cm^--1^) are visible. Because the frequency and width of ν~as~ (−CH~2~−) are sensitive to the gauche/trans conformer ratio and the packing density of methylene chains, the appearance of sharp ν~as~ (−CH~2~−) band and its frequency points to the all-trans conformation of *n*-alkyl chains in the interlayer space.^[@ref51]^ The broad band occurring in the 3100--3500 cm^--1^ range is produced by O--H stretching vibration, and the broad band near 1600 cm^--1^ is due to the bending vibration of H~2~O molecule, suggesting the existence of interlayer water in the samples.

![FT-IR (a) and Raman (b) spectra of obtained *n*-alkylamine intercalated compounds HKBT~4~×RNH~2~ in comparison with the initial HKBT~4~·H~2~O compound.](ao0c00424_0003){#fig3}

It should also be noted that the Raman spectrum of the *n*-octylamine intercalated sample shows a significantly enhanced and reproducible fluorescence compared to other samples at measurement conditions used. This motivated us to additionally examine the optical properties of the samples. As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} containing optical band gaps (Eg) of the samples, calculated from their diffuse reflectance spectra ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00424/suppl_file/ao0c00424_si_001.pdf)), intercalation of amines does not significantly affect the Eg and the corresponding maximum wavelengths λ~max~ of absorbed light. There is only a slight decrease in Eg values and a slight increase in the wavelengths λ~max~ of absorbed light for the hybrids in comparison with the protonated form, and in general, spectra do not differ from each other, which indicates that the enhanced fluorescence of HKBT~4~×OcNH~2~ is not related to the optical properties of the sample and should be explained by other reasons.

###### Absorption Characteristics of Initial Protonated Form and Inorganic--Organic Hybrids

  sample            Eg, eV   λ~max~, nm   sample            Eg, eV   λ~max~, nm
  ----------------- -------- ------------ ----------------- -------- ------------
  HKBT~4~·H~2~O     3.29     377          HKBT~4~×BuNH~2~   3.17     391
  HKBT~4~×MeN~2~    3.17     391          HKBT~4~×HxNH~2~   3.15     394
  HKBT~4~×EtNH~2~   3.19     389          HKBT~4~×OcNH~2~   3.15     394
  HKBT~4~×PrNH~2~   3.19     389                                      

### 2.2.3. ^13^C NMR-MAS Spectroscopy {#sec2.2.3}

The solid-state ^13^C MAS-NMR spectra of six hybrids are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The characteristic peak at 26 ppm for the methylamine-intercalated compound is shifted upfield compared to the raw methylamine (28 ppm), which indicates that methylamine is presented in the cationic form and the interaction between the inorganic matrix and methylamine takes place.^[@ref52]^ A similar shift of (A) and (B) carbon peak position is also observed for ethylamine (36.7 → 35, 18.8 → 14), *n*-propylamine (44.4 → 42, 27.3 → 22), *n*-butylamine (41.9 → 40, 36 → 30), *n*-hexylamine (42.4 → 40, 34.9 → 32), and *n*-octylamine (42.35 → 42, 34 → 30), which is in good agreement with the^[@ref13]^ C NMR spectra of the corresponding alkylammonium salts. In the case of *n*-butylamine hybrid, four signals could be attributed to four carbon atoms in different environments NH~3~^+^--CH~2~(A)--CH~2~(B)--CH~2~(C)--CH~3~(D) at 40(A), 30(B), 21(C), and 14(D) ppm. These results correlate well with previously presented results for *n*-butylamine-intercalated RP titanate H~2~La~2~Ti~3~O~10~^[@ref42]^ and Aurivillius-based tantalate H~2~Bi~0.1~Sr~0.85~Ta~2~O~7~.^[@ref53]^ The spectrum of *n*-octylamine hybrid shows a multiplet in the range 34--30 ppm, which could be assigned to methylene units in the middle of the carbon chain \[B,C (30); D,E (32); and F (34)\]. Single peaks at 15 and 24 ppm account to methyl (−CH~3~ (H)) and methylene (−CH~2~ (G)) groups. The signal at ∼42 ppm corresponds to the CH~2~ group in A position with respect to the---NH~3~^+^ group.^[@ref54]^ The splitting of this signal may be due to the presence of some part of *n*-octylamine in both cationic and neutral forms as well as because of different alkylammonium cation surroundings. It should be underlined that the MAS-NMR results confirm the assumption of the acid--base mechanism of the intercalation reaction, showing that amines are mostly presented in the interlayer space in their cationic forms which correlate well with the results of Raman and IR spectroscopies.

![^13^C MAS-NMR spectroscopy for the obtained *n*-alkylamine intercalated compounds HKBT~4~×RNH~2~.](ao0c00424_0004){#fig4}

### 2.2.4. TG and CHN Analysis {#sec2.2.4}

TG analysis additionally confirms the intercalation of *n*-amines, as the total mass loss for all of the samples is higher than that for an initial protonated form ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The total mass losses and compositions estimated using CHN and TG analyses are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The amounts of amines intercalated in the compound were estimated from the carbon and nitrogen content obtained by CHN analysis, and the residual water content was calculated from TG analysis. As can be seen, the calculated compositions correspond to only 20--35% of the theoretical cation-exchange capacity (interlayer proton/amine ratio = 1:1), which is lower than for other reported *n*-alkylamine derivatives of RP titanates.^[@ref42],[@ref55]^ The absence of interlayer water in the octylamine sample, according to the calculation data, may explain the luminescence observed in this case during the measurements of Raman spectra ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![TG curves of the obtained *n*-alkylamine intercalated compounds HKBT~4~×RNH~2~ in the air atmosphere in comparison with the initial HKBT~4~·H~2~O compound.](ao0c00424_0005){#fig5}

###### Experimental and Calculated Composition Data of the Obtained Intercalated Compounds

  experimental      calculated                                                                                                                  
  ----------------- ------------ ----- ------ ------- ---------------------------------------------------------------------------------- ------ ------
  HKBT~4~×MeNH~2~   4.7          0.6   0.85   0.8:1   H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.6MeNH~2~·0.6H~2~O                                    0.75   0.85
  HKBT4×EtNH2       5.1          0.9   0.55   2.0:1   H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.4EtNH~2~·0.9H~2~O                                    1.0    0.55
  HKBT4×PrNH2       6.3          1.5   0.6    2.9:1   H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.4PrNH~2~·1.1H~2~O                                    1.45   0.6
  HKBT4×BuNH2       7.1          2.6   0.7    4.4:1   H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.5BuNH~2~·0.9H~2~O                                    2.4    0.7
  HKBT4×HxNH2       9.9          4.7   0.7    7.4:1   H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.5HxNH~2~·1.0H~2~O[\*](#t2fn1){ref-type="table-fn"}   3.55   0.7
  HKBT4×OcNH2       10.0         6.5   0.95   8.3:1   H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.7OcNH~2~                                             6.5    0.95

Relatively high carbon content can be explained by the presence of residual solvent (approximately 0.1 molecules of *n*-heptane per formula unit).

In the case of all obtained hybrids, the thermal decomposition process is complex and includes three main stages. The first mass loss stage at temperature up to 350--400 °C most probably associated with the deintercalation and vaporization of water and organic molecules, as well as the decomposition of the protonated form itself. The samples heated up to 350--400 °C change their color from white to yellowish-brown probably because of the reduction of partial inorganic part by intercalated amines. At the second stage, a significant mass gain occurs apparently associated with oxidation processes and can be explained by the oxidation of the remaining organic part or as oxidation of reduced inorganic part (associated most probably with Ti^4+^/Ti^3+^ or Bi^3+^/Bi^0^ redox transition). At the third stage, the final mass loss can be associated with decomposition of the remaining oxidized organic compounds and/or with their "burning" in an oxidative atmosphere. Despite the fact that the difference in the behavior of the samples during thermal decomposition is obvious, there is no single explanation for this based only on the composition data or synthetic conditions of the samples.

### 2.2.5. TG Coupled with Mass Spectrometry {#sec2.2.5}

The mechanism of dehydration and decomposition and the thermal stability of organic--inorganic composites were studied by TG coupled with mass spectrometry of eliminated gases in an argon atmosphere ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The results suggest that unlike H~2~La~2~Ti~3~O~10~-based amine hybrids,^[@ref55]^ the *n*-butylamine-intercalated HKBT~4~ is rather stable under heat treatment. Its thermal decomposition may be separated into two main stages: elimination of water at low temperatures and decomposition of *n*-butylamine at higher temperatures. The first stage at 30--230 °C shows the elimination of water (major ion current at this range is *m*/*z* = 18), which is the result of dehydration. The further heating from 230 to 450 °C first leads to the detection of ion current *m*/*z* = 30 in evolved gases associated with elimination of intercalated amine (CH~2~NH~2~^+^) and then (starting from temperatures about 300 °C) the increase in the contribution of *m*/*z* = 18 and 16 is detected, which could be attributed to water elimination. It should be noted that the ion current *m*/*z* = 16 is too high at this stage to be explained only as water elimination. At the same time, it could not be associated with CO~2~ elimination because the related ion current with *m*/*z* = 44 is negligible at this stage. A possible explanation of this phenomenon could be related to the elimination of lattice oxygen or the elimination of NH~3~ (associated with *m*/*z* = 16---NH~2~^+^). Heating the sample at temperatures higher than 350 °C leads to the elimination of CO~2~ (*m*/*z* = 44) and water (*m*/*z* = 18), which continues up to ∼500 °C; after that, the mass loss on TG is mainly associated with CO~2~ elimination (*m*/*z* = 44, 16). The last two processes in Ar atmosphere could be explained as the reaction between organic and inorganic parts of the hybrid material accompanied by the reduction of metal (Bi^3+^ and Ti^4+^) cations; hence, the mass loss at temperature higher 800 °C (without detection of ion currents) can be associated with metallic Bi evaporation (attention! A repetition of such TG coupled with mass spectrometry (TG-MS) experiment in an inert atmosphere is strongly discouraged; the precipitated bismuth can cause damage to the platinum parts of the device!).

![Results of TG-MS analysis of evolved gases during HKBT~4~×BuNH~2~ heating in the Ar atmosphere.](ao0c00424_0006){#fig6}

To sum up, dehydration, which is expected to be similar in Ar and Air atmospheres, is completed at 230 °C, and the further mass loss at higher temperatures may be attributed to the elimination of *n*-butylamine and decomposition of the protonated form itself.

### 2.2.6. Scanning Electron Microscopy {#sec2.2.6}

The morphologies of the obtained protonated and intercalated forms were studied by scanning electron microscopy (SEM) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The as-prepared protonated forms have a plate-like shape, which is typical for layered compounds. The obtained microcrystals have relatively big sizes of 5--10 μm in two directions and partly split into thin stacked sheets in the third direction. The intercalation of amines leads to the further splitting and swelling of the platelets, though, the major shape and sizes have remained. Such behavior could explain the observed peak widening on the XRD patterns of the obtained hybrid compounds.

![SEM images for the (a) protonated form of HKBT~4~·H~2~O and organic--inorganic hybrids (b) HKBT~4~×MeNH~2~, (c) HKBT~4~×BuNH~2~, and (d) HKBT~4~×OcNH~2~.](ao0c00424_0007){#fig7}

2.3. Influence of Interlayer Water on Hybrid Formation {#sec2.3}
------------------------------------------------------

The reported structural characterization of HKBT~4~·H~2~O showed that it may be indexed in tetragonal *P*4. The partial dehydration at 90 °C leads to the decrease of *c* parameter (and therefore the interlayer distance), accompanied by displacement of perovskite blocks in *a* and *b* directions, leading to I-type stacking sequence. Both of these factors are likely to result in lower proton accessibility and therefore lower reactivity in intercalation reactions. The complete dehydration at 160 °C and formation of HKBT~4~ leads to a further decrease in the interlayer distance with the displacement of perovskite blocks in the *c* direction as implied by calculated lattice parameters.^[@ref45]^

In order to examine the influence of interlayer water in the host compound on its activity in intercalation reactions, a partly dehydrated HKBT~4~·0.5H~2~O and fully dehydrated HKBT~4~ samples have been used for intercalation reactions with methylamine and *n*-butylamine. The conditions tested are presented in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The treatment of both dehydrated samples with 50% water solution of *n*-butylamine at room temperature and under heating (60--80 °C) did not show any changes in the XRD patterns, which indicate that no reaction takes place. These results are in accordance with the previously reported assumptions.^[@ref48],[@ref49]^ Methylamine has a smaller molecular size, and as reported earlier, it could be directly intercalated into a three-layered RP titanate H~2~La~2~Ti~3~O~10~ with a I-type stacking sequence,^[@ref55]^ which allows the assumption of the possibility of its intercalation in partly or fully dehydrated protonated forms HKBT~4~·0.5H~2~O and HKBT~4~. However, the experiments showed that it could not be intercalated into these phases nor in room temperature conditions, nor upon heating.

###### Reaction Conditions Examined for the Preparation of Organic--Inorganic Hybrids

  precursor                          reaction medium                                      temperature, °C   duration
  ---------------------------------- ---------------------------------------------------- ----------------- ---------------
  Intercalation of Methylamine                                                                              
  HKBT~4~·H~2~O                      38% solution in water                                20                24 h--2 weeks
                                                                                          60                24 h--1 week
  HKBT~4~·0.5H~2~O                   38% solution in water                                20                24 h--1 week
                                                                                          60, 80             
  HKBT~4~                            38% solution in water                                20                24 h--1 week
                                                                                          60, 80             
  Intercalation of Ethylamine                                                                               
  HKBT~4~·H~2~O                      50% solution in water                                60                24 h
  Intercalation of *n*-Propylamine                                                                          
  HKBT~4~·H~2~O                      50% solution in water                                60                24 h
  Intercalation of *n*-Butylamine                                                                           
  HKBT~4~·H~2~O                      10, 50, 90% solution in water, 100% *n*-butylamine   20, 60            24 h--1 week
                                     50% solution in water                                60                24--72 h
  HKBT~4~·0.5H~2~O                   50% solution in water                                20                24 h--1 week
                                                                                          60, 80             
  HKBT~4~                            50% solution in water                                20                24 h--1 week
                                                                                          60, 80             
  Intercalation of *n*-Hexylamine                                                                           
  HKBT~4~·H~2~O                      50% solution in *n*-heptane                          80                24 h
  Intercalation of *n*-Octylamine                                                                           
  HKBT~4~·H~2~O                      100%; 50% solution in *n*-heptane                    20, 60            24 h--1 week
                                     50% solution in *n*-heptane                          80                24 h--1 week

2.4. Discussion {#sec2.4}
---------------

Intercalated organic derivatives HKBT~4~×RNH~2~ can be synthesized using a hydrated and protonated RP compound HKBT~4~·H~2~O as the starting material but not its partially (HKBT~4~·0.5H~2~O) or completely dehydrated (HKBT~4~) forms, suggesting a strong influence of interlayer water molecules on chemical activity upon intercalation. Despite the attempts to optimize the synthetic procedure, we were unable to obtain compounds with an organic content higher than 0.35 per proton of the initial compound. This is far less than the theoretic capacity equal of approximately one amine molecule per proton limited by steric factors as opposed to previously obtained results for other RP titanates.^[@ref42],[@ref46],[@ref55]^ The other difference between the obtained HKBT~4~×RNH~2~ compounds and the previously reported *n*-alkylamine derivatives of perovskite-like layered compounds is the thermal decomposition behavior. First of all, because of the high thermal stability of its organic parts, synthesized hybrids, apparently, may be obtained in an anhydrous (dehydrated) form.

Comparing the interlayer distance change between HKBT~4~ and the obtained *n*-amine-intercalated compounds HKBT~4~×RNH~2~ with *n*~c~ = 1, 2, 3, 4, 6, and 8 (Δ*d* = 3.74, 5.16, 7.12, 9.09, 15.11, and 20.53 Å correspondingly) with the linear size of the intercalated amine molecules (2.94, 4.16, 5.44, 6.69, 9.22, and 11.75 Å correspondingly), we can see that the calculated distance changes are higher than the linear size of the single amine molecule. Because several types of linear amine arrangements are known for layered structures,^[@ref22]^ there could be different explanations of such interlayer space widening. Taking into account the results of Raman, IR, and ^13^C NMR spectroscopy characterization, suggesting the all-trans conformation of the *n*-alkyl chains, we can assume a bilayer arrangement model for intercalated amines. Because the length of *n*-alkyl chains in the all-trans conformation increases by 0.127 nm per CH~2~ unit, the calculated linear relationship between the interlayer distance and the number of carbon atoms in *n*-alkylamine ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) can be explained by a tilted bilayer arrangement of *n*-alkyl chains in the interlayer with a tilt angle of ∼77.5°. This value is much higher than that previously observed for the *n*-alkylamine derivatives of RP phase H~2~SrTa~2~O~7~ (51°) with a similar amount of intercalated molecules (∼25% of the theoretical cation-exchange capacity) and bilayer chain arrangement,^[@ref56]^ but it can be compared to *n*-alkylamine-intercalated RP H~2~W~2~O~7~^[@ref57]^ (∼71.6°), H~1.8~\[Sr~0.8~Bi~0.2~Ta~2~O~7~\]^[@ref58]^ (∼60°), DJ niobate HCa~2~Nb~3~O~10~^40^ (∼62.3°), and also to *n*-alcohol-grafted derivatives of RP tantalate H~2~CaTa~2~O~7~ (∼70°)^[@ref41]^ and titanate H~2~La~2~Ti~3~O~10~ (∼75°).^[@ref42]^

![(a) Correlation between interlayer distance and the number of carbon atoms (n~c~) in *n*-alkylamine and (b) schematic representation of the proposed HKBT~4~×RNH~2~ alkyl chain arrangement (on the example of HKBT~4~×BuNH~2~).](ao0c00424_0008){#fig8}

Taking into account the *n*-alkylamine chain size and an assumption that during intercalation of *n*-alkylammonium cations occupy cavities on the (100) surface of the perovskite-like slabs as it was previously reported for other layered perovskite compounds,^[@ref57],[@ref58]^ a simple structural model with tilted bilayer arrangement of alkyl chains can be proposed ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b).

The nature of enhanced and reproducible fluorescence of the HKBT~4~×OcNH~2~ sample is not clear. As we have shown, it is not related to the differences in the optical properties of the samples and should be explained by other reasons. We suppose that one of the possible reasons may be the presence of a higher organic carbon content in this sample, as it is known that the organic substance fluorescence is one of the limitations of the Raman spectroscopy method, and typically, the longer-wavelength lasers are used for organic substances (NIR and IR lasers) in order to reduce the fluorescence. From the other side, bismuth-containing compounds, including complex oxides and layered oxides, are already known to exhibit luminescent properties,^[@ref59]^ so the observed luminescence may not be directly connected to the organic content and type. We assume that it may actually be in one way or another connected with changes in the composition (organic content and type and water content), structure (change in the interlayer distance), or morphology of the sample (in particular, partial splitting or presence of an exfoliated phase). However, more complex research is needed for rigorous conclusions.

3. Conclusions {#sec3}
==============

Intercalation reactions of a new RP-layered perovskite-like bismuth titanate protonated form with *n*-alkylamines have been studied for the first time. It was shown that it readily undergoes the intercalation of *n*-alkylamines in moderate and enhanced temperatures. The optimal conditions for the preparation of organic--inorganic hybrids have been determined. It was shown that intercalated amines are mainly presented in the interlayer space in cationic forms. The study of the impact of interlayer water on intercalation reactivity showed that it is a crucial factor for proceeding intercalation reactions.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

KNO~3~ (Vekton, 99.9%), Bi~2~O~3~ (Vekton, 99.9%), and TiO~2~ (Vekton, 99.9%) were dried at 200, 600, and 1000 °C, respectively. Methylamine (38% water solution, Chemical line), *n*-ethylamine (70% water solution, Merck), *n*-propylamine (Sigma-Aldrich, 98%), *n*-butylamine (99.9%, Chemical line), *n*-hexylamine (Sigma-Aldrich, 99.9%), *n*-octylamine (Vekton, 99.9%), and *n*-heptane (ECOS, 99.9%) were used as received.

4.2. Preparation of Inorganic Hosts {#sec4.2}
-----------------------------------

The starting oxide K~2.5~Bi~2.5~Ti~4~O~13~ and its protonated forms were obtained according to the previously described procedures. K~2.5~Bi~2.5~Ti~4~O~13~ host was synthesized by conventional ceramic technique from Bi~2~O~3~, TiO~2~, and KNO~3~.^[@ref43]^ The amounts of oxides were taken in stoichiometric molar ratios, and KNO~3~ was taken with 20% excess to compensate for its loss due to the volatilization. The mixture was ball milled at 600 rpm for 100 min, pelletized into ∼2 g tablets, and calcined at 750 °C for 8 h twice with intermediate regrinding. The protonated hydrated form H~2~K~0.5~Bi~2.5~Ti~4~O~13~·H~2~O (HKBT~4~·H~2~O) was obtained by suspending 2 g of alkali form in 40 mL of 1 M HNO~3~ and stirring it at 25 °C for 1 week.^[@ref44]^ Then, the obtained suspension was centrifuged, washed with distilled water, and dried at room temperature over CaO. The partly and fully dehydrated forms H~2~K~0.5~Bi~2.5~Ti~4~O~13~·0.5H~2~O (HKBT~4~·0.5H~2~O) and H~2~K~0.5~Bi~2.5~Ti~4~O~13~ (HKBT~4~) were prepared by heat treatment of the as-prepared hydrated form at 90 and 160 °C for 30 min correspondingly.^[@ref45]^

4.3. Reactions with *n*-Amines {#sec4.3}
------------------------------

In order to determine the optimal conditions for the preparation of amine-intercalated hybrids (HKBT~4~×RNH~2~), the series of experiments in various conditions were carried out, including varying the reaction temperature, time, and medium. The examined experimental conditions are presented in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Room-temperature reactions were carried out by suspending the HKBT~4~ powder in a solution of amines and stirring at 25 °C for 1--14 days in sealed glass vessels. Reactions with heating were carried out at 60/80 °C for 1--7 days using ∼50 mL Teflon-lined vessels inserted in stainless steel autoclaves. The volumes of suspensions were taken according to the 80% occupancy rate of the vessel. The amine-treated powders were collected by filtration (poly(tetrafluoroethylene) membrane filters, 0.20 μm porosity diameter) and washed with acetone (in case of amines with *n*~c~ = 1--4) and hexane (in case of amines with *n*~c~ = 6 and 8).

4.4. Instrumentation {#sec4.4}
--------------------

The formation of new phases was observed by powder XRD analysis with a Rigaku MiniFlex II diffractometer (Cu Kα radiation, λ = 0.15406 nm, 2θ = 3 -- 60°, and scan speed = 10° min^--1^). The intercalation of organic molecules into interlayer space was confirmed by Raman and FT-IR-spectroscopies and MAS-NMR spectroscopy. The FT-IR spectra of the samples were recorded with an FT-IR spectrometer IR Prestige-21, with a resolution of 1 cm^--1^ in the range of 4000--400 cm^--1^, using the KBr pellet technique. Raman spectra were collected by a Bruker SENTERRA spectrometer in the range of 100--4000 cm^--1^ using a 488 nm 4 mW laser with a 25 μm aperture, and the spectrum accumulation time was 60 s. In order to control the possible decomposition of the samples influenced by the laser beam, the measurements have been repeated six times in one point. Solid-state NMR spectroscopy was performed by a Bruker AVANCE III 400 WB spectrometer at operating frequencies 100.64 MHz (for^[@ref13]^ C). Powder samples were placed in a zirconium oxide rotor with an external diameter of 4 mm and rotated at a frequency of 12.5 kHz at a magic angle to the direction of a constant magnetic field. To register the spectra on ^13^C nuclei, a cross-polarization excitation pulse sequence was used (CP/MAS technique). For the CP/MAS technique, the contact time was 2 ms, the relaxation delay time was 5 s, and the number of accumulations was 12,000. Tetramethylsilane was used as an external reference. The investigation of dehydration and decomposition of organic--inorganic hybrids were performed by means of TG analysis (TG 209 F1 Libra, Netzsch) in the flow of synthetic dry air (50 mL/min) at a heating rate of 10°C/min. The quantitative composition of the obtained hybrids was estimated from the results of TG analysis and CHN analysis. The mechanism of dehydration and decomposition of the samples was estimated using the results of TG--MS in an argon atmosphere (STA 449 F1 Jupiter, Netzsch and QMS 403C Aëolos), and studies were performed in the flow of argon (50 mL/min) at a heating rate of 20°C/min. The CHN analysis was performed using a Euro EA3028-HT analyzer.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00424](https://pubs.acs.org/doi/10.1021/acsomega.0c00424?goto=supporting-info).Diffuse reflectance spectra of initial protonated titanates and their inorganic--organic hybrids; DRS performed on a Shimadzu UV-2550 spectrometer with ISR-2200 integrating sphere attachment; obtained DRS used to calculate the optical band gaps (Eg) of the samples presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00424/suppl_file/ao0c00424_si_001.pdf))
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